ABSTRACT The heterogeneous network architecture based on control/user (C/U) plane split is a research hot spot in the fifth generation (5G) communication system. This new architecture for the high-speed railway (HSR) communication system can provide high quality of service (QoS) for the passengers, such as higher system transmission capacity, better transmission reliability, and lower co-channel interference. The relatively critical C plane is expanded and maintained in a reliable low-frequency band to guarantee transmission reliability, and the U plane is supported by the available high-frequency band to meet the increasing system capacity demands. However, there are still many problems to be solved in the C/U plane split network to ensure reliable transmission. In the HSR communication system, the C plane and the U plane are supported by the macro evolved NodeBs (eNBs) and the small eNBs, respectively. The handover between the different macro eNBs involves two types of handovers, which directly reduces its applicability and reliability in HSR. Therefore, a dual-link soft handover scheme for C/U plane split network in HSR is proposed in this paper. By deploying a train relay station (TRS) and two antennas in the train, the handover outage probability will be reduced. Moreover, the bi-casting is adopted to decrease the communication interruption time and the signaling flows of the intra-macro eNB handover and inter-macro eNB handover are designed in detail. Simulation results show that the proposed handover scheme can significantly reduce the outage probability and improve the handover success probability in the inter-macro eNB handover.
I. INTRODUCTION
In order to meet the high comfort experience for passengers and promote the sustainable and rapid expansion of China's high-speed railway (HSR), it is significant to meet the broadband mobile communication requirements for passengers while ensuring the safe, efficient and reliable operation of the train, such as video calls, video on demand, online games and so on [1] . However, the existing HSR communication system is far from being able to meet the needs of various broadband services, which promotes various countries and research institutions to study the next generation of railway wireless communication system [2] .
Due to the interference level and coverage area limit, the operators usually choose low-frequency band to deploy networks for ensuring reliable quality of service (QoS) and mobility support [3] . With the rapid development of wireless communication, the low-frequency band has been fully utilized [4] - [6] . In the public mobile network, in order to satisfy the demand of communication service, the high-frequency band that more than 5GHz (the maximum is up to 300GHz) will be used in the fifth generation (5G) communication system to get a wider spectrum [7] - [9] . However, the transmission of wireless signal in high-frequency band will experience severe propagation loss, which will limit the coverage of the signal and cause frequent handovers and access failure [10] . The resulting signaling exchange is a huge burden on the network and the user equipments (UEs) [11] .
Currently, the cellular networks are becoming more and more dense, and many problems have been exposed in the traditional network [12] . In the future, HSR wireless communication system should consider how to improve the network capacity and rational use of different frequency bands [13] . Although the idea of C/U plane split has been implemented in the long term evolution/system architecture evolution (LTE/SAE) architecture, the C plane information and the U plane information are still transmitted through the same frequency band, and the decoupling network is not really achieved [14] . In order to improve the system transmission capacity and reduce the network access signaling overhead, the C/U plane split network architecture is a current research hot spot, which can provide high transmission capacity and reliability for HSR communication system [15] .
With the global system for mobile communication for railway (GSM-R) being replaced by LTE for railway (LTE-R) in the future, the 4 MHz low-frequency band (930-934 MHz for downlink and 885-889 MHz for uplink in China) previously allocated to GSM-R makes it possible to apply C/U plane split network in HSR [16] . The C plane information and some U plane information which requires higher transmission reliability such as train control and train scheduling can be supported by the macro evolved NodeBs (eNBs) with the low-frequency band. The U plane information requires high transmission capacity, which can be supported by the small eNBs with the 5GHz high-frequency band to enhance the system capacity, handle serious propagation loss, and guarantee the transmission reliability [17] . Since macro eNBs and small eNBs use different frequency bands, the co-channel interference between the macro eNBs and the small eNBs does not exist [18] , [19] .
However, the HSR communication system with this architecture will inevitably lead to many new problems [20] . The handover is more serious than that in the traditional cellular network. The handover between the different macro eNBs needs to be switched in respective C plane and U plane, which will result in lower system performance [21] . The reasons are as follows:
(1) The more handover frequency. As the speed of the train increases, the handover is more frequent. Assuming that a macro eNB covers three small eNBs in the coverage area, the UEs will perform a inter-macro eNB handover and two intra-macro eNB handovers when crossing a macro cell. As the more handovers are executed, the outage possibility will be higher.
(2) The higher inter-macro eNB handover outage probability. In the C/U plane split HSR network, the inter-macro eNB handover consists of two parts. First, the UEs will perform a macro-macro eNB handover to access the target macro eNB. Then, the target macro eNB will control the target small eNB to perform a small-small eNB handover and establish a connection with the UEs. Therefore, the inter-macro eNB handover will be successfully executed after the macro-macro eNB handover and the small-small eNB handover are completed.
(3) The more handover steps. If the handover is not completed before the high-speed train leaves the overlapping area between the two small eNBs, the inter-macro eNB handover will fail. However, the small-small eNB handover, as the second step of the inter-macro eNB handover, must be performed after the macro-macro eNB handover. Therefore, the intermacro eNB handover must be completed in the overlapping area.
(4) The handover trigger hysteresis. The inter-macro eNB handover is only triggered when the signal quality of the target macro and small eNBs simultaneously exceeds a certain hysteresis of the source macro and small eNBs, respectively. As a result, it causes that the inter-macro eNB handover is relatively lagged.
Therefore, HSR communication network based on the C/U plane split requires very high handover performance, while frequent handovers will also cause a lot of system overhead. In order to ensure the smooth progress of handover and guarantee the QoS, a dual-link soft handover scheme based on C/U plane split in HSR communication network is proposed in this paper. We set up a train relay station (TRS) and two antennas in high-speed train. The two antennas cooperate to execute the soft handover and reduce the handover outage probability. Meanwhile, we make use of the bi-casting technology to decrease the communication interruption time and ensure QoS. The signaling flows of the intra-macro eNB handover and the inter-macro eNB handover are designed in detail.
The rest of this paper is organized as follows. The system model, handover scheme and handover signaling flows are presented in Section II. In Section III, we describe and analysis the theoretical performance of the proposed handover scheme. Simulation results and analysis are given in Section IV. Finally, Section V concludes the entire work.
II. SYSTEM MODEL, AND HANDOVER SCHEME A. SYSTEM MODEL Fig. 1 illustrates the high-speed railway communication system model based on C/U plane split. In the proposed scheme, we set up a TRS and two antennas in the high-speed train, which are located at the front and rear of the train. When the train is traveling in a single cell, the TRS will choose a better signal quality received from the two antennas and establish a communication link with the eNB. When the train is approaching an eNB, the signal quality received from the rear antenna is usually worse than that of the front antenna. Therefore, the front antenna will be chosen to establish the communication link. Conversely, if the train is moving far from an eNB, the rear antenna will be selected to establish a communication link and get a better signal quality. When the train moves across the cell edge, the handover is performed by two antennas. When the front antenna performs a handover and establishes a communication link with the target eNB, the rear antenna maintains a connection with the source eNB. Then, the rear antenna will synchronize its operating frequency to the target eNB after the handover is successfully executed. As a result, the communication will not be interrupted in the process of handover. The rear antenna can perform an another handover again in case of the handover with the front antenna is failed to execute.
Mobility management entity (MME) mainly has mobility management, non-access stratum (NAS) signaling tracking, serving gateway (S-GW) selection, air interface security control, authentication and other functions. The S-GW has local mobility support, downlink packet caching, data transmission from the packet data network (PDN) to eNBs and other functions. After the handover is successfully performed, the S-GW should select the downlink data packets forwarding path and send them to the target eNB. Since the TRS is connecting to the source and target eNBs during the handover, the MME needs to maintain two different connections for the TRS simultaneously. The S-GW would keep two routing paths in its routing table to support bidirectional forwarding.
The train with well shield carriages can cause higher penetration loss of the radio signals (20dB-35dB) to/from UEs inside the train [22] . It is difficult for UEs in the train to maintain a reliable connection directly with the eNBs. Therefore, the UEs in the train are directly connected to the access points (APs) in every carriages. The TRS controls all APs, which could support multiple wireless access technologies, such as WiFi, 2G and 3G. APs transmit the data packets to the terrestrial eNBs via TRS. TRS connects to the antennas outside the train through the fiber to overcome the penetration loss and achieve reliable communication with eNBs [23] . Compared with the non-relay scheme, the use of TRS can reduce the penetration loss of the train about 10-30dB [24] , [25] . In addition, by using the group mobility of TRS instead of each user to achieve the handover, it could greatly reduce the handover signaling overhead.
Another problem in HSR scenarios is the hard handover, which may cause communication interruption. In recent years, the handover scheme based on bi-casting is also a hot spot [26] . In the traditional LTE handover, the data forwarding mechanism is used to reduce the data packets loss rate. When the handover process is enabled, the received data packets are transmitted to the target eNB by the the source eNB through the X2 interface, and the target eNB sends the data packets to the UE or the S-GW. There is a delay in data forwarding between eNBs, and the source and target eNBs cannot send data packets to the UE simultaneously. Therefore, the communication interruption time consists of handover processing delay and forwarding delay. In bi-casting mechanism, the S-GW sends data packets to the source and target eNBs after the handover is triggered simultaneously. The source eNB processes the received data packets and sends them to the UE, and the target eNB discards the received data packets until the UE successfully connects to the target eNB. Because the target eNB receives data packets immediately from S-GW after the handover is triggered, the communication interruption time is approximately equal to the handover processing delay. Thus, the communication interruption time in bi-casting is shorter than the forwarding, which is more suitable for some real-time communication services. In addition, the S1 interface between the eNB and S-GW has a higher throughput for data transmission than the X2 interface.
B. INTRA-MACRO eNB HANDOVER
The intra-macro eNB handover refers to the handover between different small eNBs within the same macro eNB. The intra-macro eNB handover signaling is shown in Fig. 2 .
When the train enters the overlapping area of two adjacent small eNBs in the same macro eNB, the source macro eNB performs a bi-casting decision and sends a bi-casting request to the S-GW. The S-GW sends the data packets to the source small eNB and the target small eNB, the source small eNB receives and forwards the data packets to the TRS, and the target small eNB discards the data packets until it becomes the source eNB.
In the handover preparation phase, according to the group measurement control message, the group measurement report is transmitted to the source macro eNB by the TRS. When the source macro eNB determines to trigger an intra-macro eNB handover based on the handover decision algorithm, the source macro eNB will transmit the handover request message to the target small eNB. The target small eNB prepares and retains the resources for the TRS based on admission control message, and then the target small eNB transmits the handover request acknowledgement (ACK) to the source macro eNB.
During the handover execution phase, when the handover command message is received by the TRS from the source macro eNB, the front antenna is separated from the source small eNB and synchronized to the target small eNB to establish a connection. After the rear antenna enters the VOLUME 6, 2018 FIGURE 2. Intra-macro eNB handover signaling.
overlapping area, the TRS changes the working frequency of the rear antenna to be the same as the target small eNB. With the help of bi-casting, TRS can receive data packets from the source small eNB through the rear antenna during handover, thereby avoiding communication interruption. However, once the front antenna fails to execute a handover, the TRS will send the group measurement report of the rear antenna to the source macro eNB. When the handover trigger condition is satisfied, the rear antenna will execute a handover again. After the synchronization is completed, the TRS and the source macro eNB perform uplink resource allocation and handover confirmation signaling interaction to complete the handover.
After the handover is completed, the source macro eNB requests the S-GW to end the bi-casting and the S-GW is configured accordingly. The source small eNB releases the resources associated with the TRS. The downlink data packets are only sent to the target small eNB and the intra-macro eNB handover is completed.
C. INTER-MACRO eNB HANDOVER
The inter-macro eNB handover signaling is shown in Fig. 3 . For this type of handover, the TRS must execute the macromacro eNB handover and the small-small eNB handover in succession.
When the train enters the overlapping area of two adjacent macro eNBs, the target macro eNB performs a bi-casting decision and sends a bi-casting request to the S-GW. The S-GW sends the data packets to the source small eNB and the target small eNB, the source small eNB receives and forwards the data packets to the TRS, and the target small eNB discards the data packets until it becomes the source eNB.
In the handover preparation phase, the source macro eNB needs to determine whether the target small eNB and the target macro eNB satisfy the respective handover trigger conditions depending on the measurement report from TRS. If all conditions are met at the same time, the source macro eNB transmits the handover request message to the target macro eNB. The target macro eNB reserves the corresponding resources in the admission control, including the dedicated random access resource, necessary parameters and the RRC connection reconfiguration information. Then, the handover request ACK is transmitted by the target macro eNB to the source macro eNB.
During the handover execution phase, the TRS performs a handover according to the handover command, which includes RRC signaling, with the necessary integrity protection and encryption. The front antenna is then separated from the source macro eNB and synchronized to the target macro eNB to establish a connection. With the help of the bi-casting, the rear antenna can receive data packets from the source small eNB. After the rear antenna in the train travels into the overlapping area, it will adjust its working frequency to be the same as the target macro eNB. If the handover executed with front antenna fails, the group measurement report of the rear antenna will be send to the source macro eNB by the TRS. When the handover trigger condition is satisfied, the handover will be executed again by rear antenna. After the handover is completed, the TRS transmits the RRC connection configuration complete message to the target macro eNB, and the macro-macro eNB handover is completed.
The next small-small eNB handover is substantially the same as the intra-macro eNB handover. After the inter-macro eNB handover is completed, the target macro eNB requests the S-GW to end the bi-casting and the S-GW is configured accordingly. Finally, the source macro and small eNBs release the resource. It is remarkable that the signaling transmitted between the target small eNB and the MME must be transmitted via the target macro eNB.
III. PERFORMANCE ANALYSIS A. DISTANCE CALCULATION
The system parameters are shown in Table 1 on the next page.
Assuming that the vertical point of the macro eNB i to the rail is the coordinate origin, the vertical line from the macro eNB i to the rail is the Y-axis, and the rail is the X-axis. x represents the position of the front antenna of the train at the rail, and the abscissa of each eNBs is x i = 0km, x j = 4.8km, x a = 1.6km, x b = 3.2km. Therefore, the distance calculation formula for the front antenna at the position of x to each eNBs 
Similarly, the distance from the rear antenna to each eNBs at the position of
For the sake of convenience, we only consider the interference caused by two co-channel eNBs. Taking the macro eNB i as an example, the distance from the front antenna at the position of x to its co-channel eNBs are
B. THE C/U PLANE SPLIT HANDOVER SCHEME IN HSR
When the train arrives at the position of x, the signal strength received by the source macro eNB i and the source small eNB a can be respectively calculated as
PL m and PL s denote the pass propagation loss of the macro eNB and small eNB, respectively. ε (i, x) and ε (a, x) represent the shadow fading of the macro eNB and small eNB and obey the Gaussian distribution with the zero mean and standard deviation σ . Taking the macro eNB i as an example, the interference signals strength of the co-channel macro eNBs are
So, the power of the co-channel interference signal is I i (x) = 10log 10 10
The signal qualities received by the macro eNB i and the small eNB a can be given by
After the train enters the overlapping area, the TRS measures the signal qualities received from the source eNB and target eNB at the position of x. The handover will be triggered when the signal quality of the target eNB exceeds the source eNB dB. Therefore, the macro-macro eNB handover trigger probability and small-small eNB handover trigger probability can be expressed as (7) at the bottom of the previous page.
Obviously, these two type of handovers are independent of each other. When the both conditions are satisfied, the intermacro eNB handover will be triggered. Therefore, when the train arrives at the position of x, the inter-macro eNB handover trigger probability can be expressed as
Another important performance parameter of handover is the outage probability. If the signal quality received by TRS from an eNB is below ϒ, the communication is interrupted. Thus, the outage probability of the macro eNB i and the small eNB a are calculated as follows:
In this network, the communication interruptions from the macro eNB and small eNB can both result in outage, so the outage probability can be expressed as
The handover success probability at a certain position is defined as the eNB successfully triggers a handover at this position, meanwhile there are no interruptions occurred before and after the handover is completed. Thus, the macromacro eNB handover success probability and small-small eNB handover success probability are written as
Then, the inter-macro eNB handover success probability is
C. OUR PROPOSED SCHEME
In the proposed handover scheme in this paper, the trigger of handover includes two cases. The first one is the front antenna successfully triggers the handover, the second case is the front antenna unsuccessfully triggers a handover and the rear antenna successfully triggers the handover. Therefore, the macro-macro eNB handover trigger probability and small-small eNB handover trigger probability can be expressed as (13) at the bottom of the next page. Where ho dx indicates the average handover trigger probability of the rear antenna from the position of x − L to the R m after the front antenna failed to trigger a handover at the position of x. P i,j (x − L) ho indicates the handover trigger probability of the rear antenna if the train arrives at the position of x. In the same way, the computational formula of the small-small eNB handover trigger probability P a,b (x) ho_s is similar to P i,j (x) ho_s .
Thus, when the train is located at the position of x, the intermacro eNB handover trigger probability can be expressed as
Similarly, the probabilities that an interruption occurs when the train is connected to the macro eNB i or the small eNB a can be expressed as
indicates the average handover outage probability of the rear antenna from the position of x−L to the R m after the connection of front antenna has interrupted at the position of x. Meanwhile, the computational formula of P a (x) out_s is similar to P i (x) out_s .
The interruption of the connection between a train and a macro eNB or a small eNB both can cause an interruption. Thus, the total handover outage probability is expressed as
The definition of handover success probability is as the same as the one in the previous section. So, the success VOLUME 6, 2018 probabilities of macro-macro eNB handover and small-small eNB handover are
Then, the success probability of inter-macro eNB handover can be expressed as
IV. SIMULATION RESULTS AND ANALYSIS
In section III, we analyze the performance of the dual-link soft handover scheme for C/U plane split network in HSR. The strengthes and qualities of the received signals, handover trigger probability, outage probability and handover success probability will be simulated in this section. The simulation parameters in this scheme are shown in Table 2 . Fig. 4 illustrates the relationship between the received signal strength of different eNBs and the location of the train. Fig. 5 shows the simulation results of the received signal quality from different eNBs at different locations. According to the system parameters set in Table 1 , the abscissa of the macro eNB i and j are 0 km and 4.8 km, respectively, while the small eNB a and b are located at 1.6 km and 3.2 km. The overlapping area of the macro eNBs and the small eNBs is (1.8, 3 ) on the X-axis. It can be seen that when the high-speed train moves away from the target eNBs, the received signal strength and signal quality begin to attenuate. In particular, since the small eNBs use a high-frequency band of 5 GHz, the signal from the small eNBs will suffer more severe path loss than the macro eNBs. Fig. 6 shows the simulation results of the handover trigger probability with different schemes. Because the inter-macro eNB handover is composed of macro-macro eNB handover and small-small eNB handover, the trigger probability in the C/U plane split network is lower than the LTE-R network. In [21] , the authors proposed a gray prediction handover scheme in C/U plane split network. Compared with the traditional network, its trigger probability increases slightly after 2.7 km. In this paper, our proposed handover scheme can further improve the trigger probability and ensure excellent performance.
FIGURE 6. Handover trigger probability comparisons.
FIGURE 7.
Outage probability comparisons.
FIGURE 8.
Handover success probability comparisons. Fig. 7 shows the simulation results of the outage probability with different schemes. The outage probability in C/U plane split network is higher than that of LTE-R network when approaching the edge of cell. The gray prediction handover scheme can greatly reduce the outage probability. In the proposed handover scheme, when the handover triggered by the front antenna was failed, the TRS can use the rear antenna to connect with the target eNB, thus the outage probability can be greatly reduced. Fig. 8 shows the simulation results of the handover success probability with different schemes. The proposed handover scheme can greatly improve the handover success probability. Because the handover can be triggered again by the rear antenna if the front antenna executes handover failed. Compared with other handover schemes, the handover success probability in the proposed scheme is increased by about 35.7% at the position of 3km.
V. CONCLUSION
In this paper, we proposed a dual-link soft handover scheme for C/U plane split network in HSR. Because of the characteristic of the C/U plane split network, the performance of inter-macro eNB handover in HSR scenarios is worse than the traditional LTE-R network. It severely restricts the applicability and availability of the C/U plane split network in HSR. The primary cause is that the high-speed train has to trigger the macro-macro eNB handover and small-small eNB handover respectively before leaving the overlapping area, otherwise the handover will fail. In order to solve this problem, the proposed handover scheme set up two antennas to execute handover cooperatively. Meanwhile, the bi-casting is adopted to decrease the communication interruption time. Simulation results show that the proposed handover scheme can effectively improve the handover success probability, reduce the outage probability and ensure the reliability of communication for C/U plane split network in HSR communication system.
